Highly efficient non-degenerate four-wave mixing under dual-mode injection in InP/InAs quantum-dash and quantum-dot lasers at 1.55 lm This work reports on non-degenerate four-wave mixing under dual-mode injection in metalorganic vapor phase epitaxy grown InP/InAs quantum-dash and quantum dot Fabry-Perot laser operating at 1550 nm. High values of normalized conversion efficiency of À18.6 dB, optical signal-to-noise ratio of 37 dB, and third order optical susceptibility normalized to material gain v
/g 0 of $4 Â 10 À19 m 3 /V 3 are measured for 1490 lm long quantum-dash lasers. These values are similar to those obtained with distributed-feedback lasers and semiconductor optical amplifiers, which are much more complicated to fabricate. On the other hand, due to the faster gain saturation and enhanced modulation of carrier populations, quantum-dot lasers demonstrate 12 dB lower conversion efficiency and 4 times lower v Most semiconductor based devices exhibit strong nonlinearities, making them very attractive for applications based on four-wave mixing (FWM). Amongst them, modulation format transparent wavelength conversion, submillimetre wave generation, and optical signal processing are of largest importance.
1,2 FWM is driven by the third order optical susceptibility v (3) (Ref.
3) as already observed in semiconductor optical amplifiers (SOA), whose large linear gain is advantageous to generate high power beat-products for weak pump and signal. 4, 5 Another approach can be obtained via distributed feedback lasers (DFB), where the lasing mode acts as a pump. 6 Already in the 1985-1990s, [7] [8] [9] [10] [11] Fabry-Perot (F-P) lasers were originally used to generate FWM; however, those do usually suffer from a low conversion efficiency and succeed only for a relatively low frequency detuning of a few tens of GHz. The advent of nanostructure based light emitters (quantum-dot/quantum-dash lasers) 12, 13 has resumed the interest to this topic due to their higher nonlinear gain, low injection currents, ultra-fast carrier dynamics, low ASE, and broad gain spectrum. [14] [15] [16] [17] As already reported, depending on the crystal growth conditions, both types of nanostructures with similar features, such as large gain, inhomogeneously broadened gain spectra, and high characteristic temperature, can be obtained for the same wavelength range. 11, 12, 17 For instance, quantum dashes, which are electronically elongated dots with a larger volume, do have a larger density of close lying delta function states contributing to efficient FWM, 18 and which result in a larger difference between values of v (3) between quantum-dash (QDash) and quantum-dot (QDot) lasers as reported here. An experimental comparative study of FWM in QDash and QDot F-P lasers at 1550 nm has not been yet presented. To this end, this letter presents a comprehensive comparison of FWM in QDot and QDash lasers shedding the light on which structural approach should be considered for applications (e.g., wavelength conversion, microwave signal generation, etc.). In particular, our comparison between QDot and QDash devices shows promising large non-linear interaction comparable to DFBs and SOAs. 19, 20 The laser structures used in this work are grown by MOVPE on n-type (001) InP substrate. The active layer consists of 7 stacked QDash (QDot) layers in an In 0.78 Ga 0. 22 As 0.47 P 0.53 matrix, enclosed by an In 0.82 Ga 0.18 As 0.40 P 0.60 waveguide. Laterally, single-mode laser buried heterostructures are formed by deep etching through the active region and regrowth of p/n-blocking and contact layers. The temperature of growth and the indium flux rate decide the type of nanostructure (QDot or QDash) formed. Details of material growth, processing and results of material characterisation are found in Ref. 21 . We investigate here two groups of devices: QDash and QDot lasers with similar cavity lengths around 750 lm and longer devices with cavities of 1490 lm and 1250 lm for the QDash and QDot, respectively. The first group with shorter cavity is only used to compare the maximum achievable FWM efficiency for lasers with the same dimensions. The longer devices, offering a longer interaction length, are the main devices studied in this article. The ridge width is 1 lm, and no coating is applied to the facets of the devices. The laser bars are mounted on copper blocks for higher thermo-electrical conductivity and fixed on a plate with thermoelectric control. Light-current curves measured at room temperature are shown in Fig. 1 for both the QDash and QDot devices, showing threshold currents of about 24 mA and 19 mA and slope efficiencies of 19% and 28%, respectively. The turn-on voltage is 0.8 V for both devices; the series resistance R s , measured at 2.5 Â I thr , is 5.1 X and 3.7 X for the QDash and Qdot lasers, respectively. Net gain spectra of the devices as a function of current are measured from the spontaneous emission spectra and presented in probably due to slightly lower population of higher energy levels (shorter wavelengths) as well as to the width of the inhomogeneously broadened spectrum, which is of about 40 nm at 23 and 20 mA, respectively, both for QDash and QDot lasers.
The most common way of investigating FWM in semiconductor lasers is based on a pump/probe configuration. In this work, the pump laser is used as a master laser to lock a longitudinal mode at the gain peak of the slave F-P laser. Depending on the two degrees of freedom of optical injection, the detuning between the master and slave and the master laser power, the slave F-P laser can either be unaffected by the injection, oscillating in a periodic or aperiodic fashion, or be injection-locked to the master and emit a single mode resonant to the injected signal. 22 In this work, the slave lasers are injection-locked using a ratio between the optical power of the master and slave lasers of 1 dB, and detunings such that the slave lasers operate well within the injectionlocking range. Spectra for both lasers under free running (FR) and injection-locked (IL) operations are shown in Fig.  3 . We note that both free running QDot and QDash lasers show inhomogeneously broadened spectra with FWHM (full-width at half maximum) of 3.2 nm. The probe signal, with a power 3 dB below that of the free running laser, is then swept from shorter to longer wavelengths around the locked mode. Fig. 4 shows optical spectra for a QDot laser under this dual-injection, with the probe laser tuned to longer wavelengths. The positively detuned FWM-signal is marked as "Probe conversion."
The subsequent measurement techniques employed are similar to those reported in Ref. 23 . Normalized conversion efficiency (NCE), defined as
along with optical signal-to-noise ratio (OSNR) results are shown in Fig. 5 . NCE values are given in dB and correspond to 10log 10 (NCE/1 mW À2 ). A maximum NCE of À18.6 dB is measured for the QDash laser, being 12 dB larger than the QDot laser. The QDash device also demonstrates a broader frequency detuning range from À1.2 to 2.7 THz. Owing to the optical injection, very large OSNRs of 37 dB at 27 GHz and 22 dB at 67 GHz detuning are measured for QDash and QDot lasers, respectively. Remarkably, it is very important to stress that these values are comparable with those measured for more complex DFB-laser structures, 24 bulk and Qdash/Qdot SOA's, 4, 20 and larger than values previously reported for InAs/InP QDot lasers. 19, 23 The larger NCE observed at positive detuning (k pump < k probe ) and for both devices is attributed to the asymmetric gain profiles (Fig. 2 ) and the wavelength dependence of the alpha factor (Fig. 6 ). For detunings above 400 GHz, the larger alpha factor measured for QDash lasers leads to a difference of $10 dB between "positive" and "negative" NCE while the latter is reduced down to 5 dB for QDot lasers, owing to the reduced phase-amplitude coupling. The NCE found for positively detuned QDash lasers resembles the results already published for QDash SOAs. 25 Two regions are distinguished: a first decrease in 10 dB/decade, followed by a faster decrease in 53 dB/decade. The first region has a picosecond characteristic time, controlled by an efficient interband carrier-density pulsation (CDP) process. 26 The rapid decrease with 53 dB/decade starting at 1 THz represents the joint, but de-phased effects of different dynamic processes: CDP, carrier heating and spectral hole burning 27 with a sub-picosecond characteristic time. Qualitatively, this behaviour is also similar for QDot lasers, which show a lower conversion efficiency most likely due to the phonon bottleneck combined to the lower modulation amplitude of carrier population arising from a reduced number of active states. The former is known to restrain the coupling of carriers between spatially isolated quantum dots and the surrounding material with large energy spacing. 28 However, in case of QDashes, the carriers are captured from the bulk or QW surrounding areas into the numerous overlapping states with the same transition energies of the dash DOS function. 28 Two-photon absorption phenomenon (TPA) may also be decisive since the latter was proved to stimulate ultra-fast gain recovery in QDash SOAs at energies above and below the pump. 29 The flattening of the NCE-curve observed for a positively detuned probe around 1 THz in the case of the QDash device may result from this phenomenon. Thus, the QDash DOS, which consists of many overlapping inhomogeneously broadened states with high energy tail, may favour additional gain at the FWM-signal wavelengths and leads to a larger FWM-conversion efficiency. 18 Although a higher FWM efficiency is naturally expected from a longer interaction length, 4 it is important to stress that OSNR and NCE of devices with cavity length of 750 lm are, respectively, found to be 12 and 5.2 dB larger for QDash compared to QDot ones.
The conversion efficiency for both QDash and QDot devices remains below À55 dBm and nearly equal for large positive f > 2 THz and negative f > 1 THz detuning (Fig. 5) . This indicates that pump-probe detuning exceeds the bandwidth where the conversion is fast and effective. In this region, QDash lasers demonstrate a rapid decrease of 53 dB/ decade, whereas QDot rolls off at 21 dB/decade. The low NCE in this detuning region can be attributed to the smaller number of QDashes/QDots occupied by excitons, since the density of nanostructures in these wavelength regions of the gain spectra is lower. To this end, the abrupt gain spectra profile can explain the equalization of QDash and Qdot NCE at lower negative detuning. Finally, carrier dynamics in quantum dashes also may suffer from a phonon bottleneck when the energy spacing is large. The third-order optical susceptibility normalized to optical linear gain v (3) /g 0 is calculated using the formula from Ref. 6 and assuming an effective mode area of 1.3 lm
The value of v 
/g 0 value for the QDash gain medium is larger than the one measured for DFB lasers 6 and references therein.
In conclusion, we have observed a unique and large normalized conversion efficiency of À18.6 dB, OSNR of 37 dB, and a conversion achievable for frequency detunings up to 3 THz in MOVPE-grown 1490 lm-long InP/InAs quantumdash lasers operating at 1550 nm under dual-mode optical injection. These values are the highest reported for F-P lasers and comparable to ones reported for DFB-lasers and SOAs more complex to process. We observe a larger conversion efficiency for 1490 lm-long QDash devices in comparison to 1250 lm-long QDot lasers, fabricated by the same growth and processing techniques. QDot devices with delta-function DOS show a four times lower third-order optical susceptibility, a 12 dB-lower normalized conversion efficiency and 14.7 dB-lower optical signal-to-noise ratio. The analysis confirms that such a difference is not only due to the cavity length but also to additive contributions to the gain such as TPA, faster gain saturation, and enhanced modulation of carrier populations. 
